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Abstract
Understanding	  the	  mechanism	  for	  charge	  transfer	  between	  a	  graphene	  biosensor	  and	  
its	  electrodes	  within	  an	  electrolyte	  solution	  is	  vital	  to	  better	  understand	  the	  sources	  of	  
electrical	  noise	  in	  the	  system.	  By	  measuring	  the	  effective	  resistance	  and	  capacitance	  of	  
the	  system	  at	  different	  frequencies,	  it	  is	  possible	  to	  develop	  a	  circuit	  model	  of	  the	  
system's	  electrical	  behavior.	  This	  model	  provides	  a	  deeper	  understanding	  of	  the	  
fundamental	  interactions	  that	  occur	  in	  a	  top-­‐gated	  graphene	  device	  and	  provides	  
opportunities	  to	  improve	  a	  signal.	  To	  reduce	  noise	  created	  at	  the	  liquid	  to	  graphene	  
interface,	  a	  buffer	  layer	  of	  Yttrium	  Oxide	  was	  applied.	  While	  the	  buffer	  layer	  did	  not	  
work	  as	  expected	  this	  type	  of	  experimental	  approach	  and	  model	  will	  provide	  deeper	  
understanding	  of	  the	  electrical	  noise.	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1 Introduction 
	  
Graphene	  has	  become	  increasingly	  popular	  to	  study	  in	  the	  scientific	  world	  due	  to	  its	  
many	  useful	  properties.	  As	  people	  push	  to	  see	  the	  limits	  of	  its	  applications	  it	  is	  
important	  to	  dive	  deeper	  into	  the	  fundamental	  workings	  of	  the	  material	  in	  order	  to	  
support	  this	  advancement.	  	  
	  
Graphene	  has	  many	  different	  applications.	  It	  can	  be	  used	  in	  electronics,	  photonics,	  
composite	  materials,	  bioengineering,	  and	  as	  sensors	  [3].	  For	  our	  purposes,	  we	  will	  be	  
looking	  at	  graphene	  as	  a	  biosensor.	  Graphene	  is	  a	  single	  atomic	  layer	  of	  carbon	  atoms,	  
which	  due	  to	  its	  structure	  is	  highly	  sensitive	  to	  electrical	  charges	  near	  its	  surface.	  
In	  our	  lab,	  the	  graphene	  device	  is	  a	  layer	  of	  graphene	  applied	  to	  a	  silicon	  chip.	  Metal	  
leads	  connect	  the	  graphene	  to	  metal	  pads	  at	  the	  top	  of	  Figure	  1.1	  
	  
Figure	  1.1	  Graphene	  sample	  chip	  with	  a	  width	  of	  21mm.	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1.1 Properties	  of	  Graphene:	  
	  
	  
Graphene	  is	  composed	  of	  a	  single	  layer	  of	  carbon	  atoms.	  It	  is	  a	  2-­‐dimensional	  sheet	  of	  
carbon	  atoms	  that	  form	  a	  honeycomb	  lattice.	  Graphene	  comes	  from	  graphite	  and	  is	  
made	  by	  stripping	  away	  layers	  of	  carbon	  until	  all	  that	  is	  left	  is	  this	  remains	  a	  2D	  sheet.	  
The	  bonds	  that	  form	  the	  honeycomb	  lattice	  are	  hard	  to	  break	  making	  graphene	  
extremely	  strong	  in	  addition	  to	  being	  incredibly	  thing.	  Another	  interesting	  property	  of	  
graphene	  its	  ambipolarity,	  which	  means	  both	  electrons	  and	  holes	  are	  able	  to	  move	  
freely	  in	  the	  material.	  	  By	  changing	  the	  charge,	  or	  gate	  voltage,	  that	  the	  material	  comes	  
in	  contact	  with	  more	  charge	  carrier	  become	  present	  as	  seen	  in	  Figure	  1.2.	  
	  
	  
Figure	  1.2	  Positive	  charge	  draws	  causes	  electrons	  to	  populate	  the	  surface	  as	  seen	  in	  A.	  Negative	  
charges	  push	  electrons	  out	  of	  the	  surface	  leaving	  behind	  holes	  seen	  in	  B.	  
	  
As	  we	  see	  from	  the	  figure	  if	  a	  positive	  voltage	  is	  applied	  to	  the	  gate	  probe,	  electrons	  will	  
be	  drawn	  to	  the	  surface;	  if	  a	  negative	  voltage	  is	  applied,	  all	  the	  electrons	  will	  be	  pushed	  
away	  and	  replaced	  by	  positive	  charges,	  called	  holes.	  Other	  metals	  react	  in	  a	  similar	  way	  
when	  a	  charge	  is	  applied.	  The	  difference	  between	  them	  corresponds	  to	  the	  thickness	  in	  
A	   B	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graphene.	  Because	  it	  is	  only	  one	  atom	  thick,	  when	  a	  charge	  is	  applied	  the	  opposite	  
charge	  pushes	  all	  other	  charges	  out	  of	  the	  graphene	  to	  balance	  the	  system.	  	  This	  
property	  is	  very	  important	  in	  graphene	  sensors	  because	  as	  the	  voltage	  applied	  to	  the	  
graphene	  changes,	  the	  charge	  carrier	  density	  that	  occurs	  and	  can	  be	  measured.	  	  
	  
Looking	  further	  at	  the	  electrical	  properties	  of	  graphene,	  specifically	  the	  effect	  of	  a	  
changing	  gate	  voltage	  (VG),	  we	  can	  see	  in	  Figure	  1.3	  that	  when	  VG	  is	  not	  present	  there	  is	  
no	  place	  for	  the	  charge	  carriers	  to	  move	  creating	  zero	  current	  flow.	  This	  point	  is	  called	  
the	  Charge	  Neutrality,	  or	  Dirac	  point	  and	  is	  where	  resistance	  is	  highest.	  	  
	  
	  
	  
	  
Figure	  1.3	  Representation	  of	  a	  conductance	  versus	  Gate	  voltage	  graph	  showing	  the	  Dirac	  point.	  
This	  relationship	  demonstrates	  how	  charge	  carrier	  density	  changes	  with	  gate	  voltage.	  
VG 
σ 
Dirac	  
point	   
-­‐1	  	  	  	  	  	  	  -­‐.75	  	  	  	  	  	  	  -­‐.5	  	  	  	  	  	  	  	  	  0	  	  	  	  	  	  	  	  .5	  	  	  	  	  	  	  	  .75	  	  	  	  	  	  	  1	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The	  number	  of	  charge	  carriers	  increases	  with	  an	  increase	  in	  magnitude	  of	  the	  gate	  
voltage	  as	  seen	  in	  Figure	  1.3.	  	  By	  looking	  at	  how	  easy	  charges	  can	  move	  though	  the	  
system	  we	  can	  determine	  the	  sensitivity	  of	  the	  device.	  [1]	  Mobility	  is	  a	  term	  used	  to	  
describe	  the	  ease	  at	  which	  a	  charge	  moves	  through	  the	  system.	  It	  is	  related	  to	  charge	  
carrier	  density	  and	  the	  gate	  voltage	  based	  on	  the	  following	  relationship.	  	  
	   𝜇 = !"!" ∗ !!  	   (1.1)	  
Where	  𝜇	  is	  mobility	  𝜎	  is	  conductivity	  and	  C	  is	  capacitance.	  	  
	  
	   	  	  
1.2 Modeling	  the	  system:	  
	  
For	  this	  experiment,	  the	  graphene	  device	  had	  a	  liquid	  top-­‐gate	  seen	  in	  Figure	  1.4	  (a).	  
This	  structure	  means,	  the	  gate	  voltage	  is	  applied	  to	  an	  electrolyte	  solution	  on	  top	  of	  the	  
graphene	  device.	  	  In	  most	  graphene	  devices	  the	  gate	  voltage	  is	  applied	  to	  the	  back	  of	  
the	  device,	  called	  back	  gating,	  and	  is	  seen	  in	  Figure	  1.4	  (b).	  Back-­‐gated	  devices	  are	  
known	  to	  have	  a	  higher	  mobility	  in	  comparison	  to	  top-­‐gated	  devices,	  but	  a	  top-­‐gated	  
device	  provides	  a	  more	  accurate	  representation	  of	  how	  a	  graphene	  device	  would	  
function	  in	  a	  biological	  environment.	  For	  that	  reason,	  we	  are	  focusing	  on	  the	  
functionality	  of	  top-­‐gated	  devices.	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Figure	  1.4	  Graphene	  devices,	  (A)	  Liquid	  top-­‐gated	  device	  with	  thickness	  w	  between	  charge	  
application	  and	  graphene,	  (B)	  Back-­‐gated	  device	  with	  thickness	  t	  between	  graphene	  and	  
charge	  application.	  
	  
	  	  In	  this	  system,	  two	  different	  types	  of	  capacitance	  are	  acting	  in	  series	  to	  get	  the	  total	  
capacitance	  needed	  for	  the	  mobility	  calculation.	  These	  capacitances	  are	  intentional	  
capacitance	  and	  quantum	  capacitance.	  Intentional	  capacitors	  act	  like	  parallel	  plate	  
capacitors	  between	  the	  graphene	  and	  the	  aqueous	  solution,	  while	  the	  quantum	  
capacitance	  is	  an	  intrinsic	  property	  of	  the	  graphene.	  	  Most	  top-­‐gated	  devices	  have	  a	  
total	  capacitance	  an	  order	  of	  magnitude	  smaller	  than	  back-­‐gated	  devices	  due	  to	  the	  
distance	  the	  gate	  voltage	  has	  to	  travel	  to	  reach	  the	  graphene.	  [4]	  A	  top	  gated	  device	  can	  
be	  modeled	  by	  a	  capacitor	  (representing	  the	  total	  capacitance)	  and	  a	  resistor	  in	  parallel,	  
	  
	  
	  
	  
	  	  
	  
	   	   	   	   	  
	   	   	   	   	  
Aqueous	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which	  are	  then	  in	  series	  with	  another	  resistor.	  This	  model	  can	  be	  used	  to	  measure	  
specific	  interactions	  that	  affect	  of	  they	  overall	  system	  such	  as	  noise.	  
	  
To	  look	  deeper	  into	  the	  way	  graphene	  works	  as	  a	  biosensor	  we	  will	  be	  examining	  two	  
different	  ways	  in	  which	  we	  could	  improve	  the	  performance	  of	  the	  device.	  First,	  
investigate	  the	  noise	  in	  our	  device,	  looking	  at	  a	  way	  to	  reduce	  it	  by	  the	  application	  of	  a	  
buffer.	  Secondly,	  we	  examine	  effects	  of	  high	  temperature	  on	  the	  sensitivity	  of	  the	  
device.	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2 Theory  
	  
2.1 Mobility	  
	  
	  Mobility	  is	  the	  ease	  with	  which	  charge	  carriers	  can	  flow	  through	  a	  material.	  Graphene	  is	  
known	  to	  have	  a	  high	  mobility,	  making	  it	  an	  excellent	  material	  for	  electronics	  [1].	  At	  
room	  temperature,	  the	  mobility	  can	  exceed	  15,000cm2/Vs	  	  [1]	  and	  has	  been	  found	  to	  
have	  a	  link	  to	  temperature	  dependence	  [1]	  that	  will	  be	  examined	  later	  on.	  Mobility	  
determines	  the	  sensitivity	  of	  a	  graphene	  device.	  Higher	  mobility	  corresponds	  to	  the	  
ability	  to	  detect	  more	  subtle	  changes	  in	  the	  environment,	  resulting	  in	  a	  more	  effective	  
device.	  	  
	  
When	  the	  gate	  voltage	  is	  swept,	  in	  our	  case	  from	  around	  -­‐1V	  to	  1V,	  we	  are	  changing	  the	  
electronic	  properties	  in	  the	  graphene.	  The	  farther	  from	  the	  Dirac	  point	  we	  get,	  the	  more	  
carriers	  that	  are	  present	  in	  our	  system.	  	  As	  the	  number	  of	  charge	  carriers	  increases	  so	  
does	  mobility	  [2].	  	  	  
In	  looking	  at	  conductivity	  we	  can	  see	  a	  linear	  relationship	  between	  the	  number	  of	  
charge	  carriers	  and	  the	  mobility,	  
	   𝜎 = 𝜇𝑛!𝑒	  	   (2.1)	  
	  
Where	  𝑛!𝑒	  is	  charge,	  which	  is	  related	  to	  capacitance	  by	  	  
	   𝑛!e = Cd𝑉!	  	   (2.2)	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Equation	  2.2	  can	  then	  be	  substituted	  into	  equation	  2.1	  to	  relate	  conductivity	  and	  
capacitance,	  	  
	   𝜎 = 𝜇𝐶𝑑𝑉!	  	   (2.3)	  
	  
Mobility	  is	  the	  relationship	  between	  the	  change	  and	  conductance	  over	  the	  change	  in	  the	  
number	  of	  charge	  carriers.	  	  
This	  is	  shown	  by	  equation	  1.1.	  
Another	  equation	  that	  relates	  conductance	  and	  charge	  density	  is	  	  
	   𝜎 = 1/𝜌	  	   (2.4)	  
Where	  𝜌	  is	  the	  charge	  density.	  
	  Recall	  that	  conductance	  is	  
	   𝜎 = 𝐼/𝑉	  	   (2.5)	  
Where	  I	  is	  current	  and	  V	  is	  voltage.	  
When	  looking	  at	  a	  graph	  of	  𝜎	  versus	  gate	  voltage,	  where	  gate	  voltage	  is	  the	  change	  in	  
charge	  carriers	  (Equation	  2.3),	  the	  slope	  corresponds	  to	  mobility.	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2.2 Capacitance	  and	  Resistance	  
	  
Resistance	  is	  the	  measure	  of	  how	  difficult	  it	  is	  for	  an	  electric	  current	  to	  move	  through	  
graphene.	  The	  resistance	  in	  the	  graphene	  device	  is	  characterized	  as	  being	  a	  square	  
resistance,	  	  
	   𝑅∎ = 𝜌 !!	  	   (2.6)	  
Where	  resistance	  is	  based	  on	  length,	  L,	  and	  width	  ,w,	  of	  the	  sample.	  	  This	  is	  useful	  
because,	  while	  the	  other	  dimensions	  are	  controllable	  parameters,	  the	  thickness	  of	  the	  
graphene	  is	  generally	  unknown.	  
	  
Capacitance	  is	  the	  ability	  of	  a	  system	  to	  store	  electrical	  charge.	  As	  mentioned	  in	  section	  
1.2,	  a	  liquid	  top-­‐gated	  device	  relies	  more	  heavily	  on	  capacitance	  then	  back-­‐gated	  
devices.	  Most	  top-­‐gated	  devices	  have	  a	  capacitance	  an	  order	  of	  magnitude	  smaller	  than	  
back-­‐gated	  devices.	  [4]	  In	  our	  system	  there	  are	  two	  forms	  of	  capacitance,	  intentional	  
capacitance	  and	  quantum	  capacitance,	  which	  play	  an	  important	  role	  in	  the	  overall	  
sensitivity	  of	  the	  device.	  
	  
Intentional	  Capacitance	  	  
	  
The	  intentional	  capacitance	  is	  caused	  by	  the	  separation	  of	  charge	  between	  ions	  in	  the	  
salt	  solution	  used	  as	  the	  liquid	  gate.	  This	  acts	  like	  a	  parallel	  plate	  capacitor,	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   𝐶 = !!!  !! 	  	   (2.7)	  
Where	  κ	  is	  the	  dielectric	  constant	  of	  the	  material,	  𝐴	  is	  the	  area	  of	  contact,	  and	  𝑑	  	  is	  the	  
distance	  between	  plates.	  
	  
For	  our	  system	  𝑑	  is	  created	  by	  the	  separation	  of	  charges	  in	  the	  salt	  solution.	  This	  
separation	  is	  called	  the	  Debye	  length.	  The	  Debye	  length	  is	  the	  distance	  it	  takes	  for	  ions	  
to	  screen	  out	  a	  charge	  in	  an	  electrolyte	  solution.	  [4]	  The	  concentration	  of	  the	  liquid	  
changes	  the	  number	  of	  ions,	  thus	  changing	  the	  Debye	  length	  and	  therefore	  the	  
capacitance.	  
	  
Quantum	  Capacitance	  
	  
Quantum	  capacitance	  has	  to	  do	  with	  the	  physical	  properties	  of	  graphene.	  At	  the	  charge	  
neutrality	  point	  all	  electrons	  and	  holes	  are	  filled	  and	  unable	  to	  move.	  The	  separation	  
between	  these	  electrons	  and	  holes	  in	  this	  steady	  state	  case	  is	  the	  quantum	  capacitance.	  	  
	  
The	  equation	  for	  quantum	  capacitance	  is,	  
	   𝐶! = 𝑒! !! !!!!ℏ!! !  	  	   (2.8)	  
Where	  𝑉!!	  is	  the	  potential	  of	  graphene,	  𝑣! ≈ 𝑐/300  is	  the	  Fermi	  velocity	  of	  the	  Dirac	  
electron,	  ℏ	  	  is	  Planck	  constant,	  and	  𝑒	  is	  the	  charge	  of	  an	  electron.[4]	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Total	  Capacitance,	  𝐶!,	  comes	  from	  adding	  the	  quantum	  capacitance	  and	  intentional	  
capacitance	  in	  series,	  
	   !!! = !! + !!!	   	   (2.9)	  
Knowing	  total	  capacitance	  is	  important	  due	  to	  its	  effect	  on	  mobility	  as	  seen	  in	  Equation	  
1.1.	  	  
	  
Interpreting	  Noise	  	  
2.3 Model	  of	  the	  Liquid	  Gated	  Device	  
	  
	  A	  current	  passing	  through	  a	  top	  gated	  graphene	  device	  is	  split	  into	  two	  legs	  modeled	  by	  
a	  capacitor	  and	  a	  resistor	  in	  parallel.	  The	  capacitor	  is	  representative	  of	  the	  separation	  of	  
charge	  created	  between	  the	  metal	  and	  the	  liquid.	  A	  resistor	  is	  used	  to	  model	  when	  
electrons	  in	  the	  electrolyte	  solution	  undergo	  a	  redox	  reaction	  in	  order	  to	  cross	  from	  the	  
liquid	  to	  the	  graphene	  and	  transfer	  charge	  to	  ions	  in	  the	  salt	  water	  [7][10].	  	  
	  
The	  circuit	  model	  is	  shown	  in	  Figure	  2.1	  with	  the	  resistor	  and	  capacitor	  in	  parallel	  
representing	  the	  liquid	  to	  graphene	  interface.	  The	  parallel	  resistor	  and	  capacitor	  are	  in	  
series	  with	  a	  second	  resistor	  representing	  the	  electrolyte	  solution.	  In	  our	  saturation,	  this	  
resistor	  is	  so	  much	  smaller	  that	  we	  can	  neglect	  it.	  	  This	  model	  can	  be	  used	  to	  isolate	  
individually	  components	  of	  the	  system	  in	  order	  analyze	  the	  specific	  interactions	  they	  represent.	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Figure	  2.1	  Circuit	  diagram	  representing	  a	  liquid	  top-­‐gated	  graphene	  device.	  There	  is	  resistance	  
from	  the	  graphene	  in	  series	  with	  a	  parallel	  resistor	  and	  capacitor	  that	  model	  the	  electrical	  
interactions	  at	  the	  liquid	  graphene	  interface.	  
	  
2.4 Real	  and	  Imaginary	  Impedance	  	  
	  
	  
The	  circuit	  model	  in	  Figure	  2.1	  allows	  for	  a	  better	  understanding	  of	  how	  current	  travels	  
through	  the	  top	  gated	  device.	  	  By	  breaking	  down	  the	  current	  into	  its	  real	  and	  imaginary	  
components	  we	  can	  take	  physical	  measurements	  that	  correspond	  to	  our	  model.	  
	  
Any	  two	  sine	  functions	  added	  together,	  with	  the	  same	  period,	  will	  result	  in	  a	  new	  sine	  
function	  with	  a	  phase	  shift.	  This	  idea	  of	  adding	  two	  wave	  signals	  is	  important	  when	  
looking	  at	  the	  noise	  in	  a	  signal.	  The	  in-­‐phase	  and	  transverse	  components	  of	  the	  signal	  
each	  represent	  a	  different	  component	  of	  our	  circuit.	  The	  final	  signal	  is	  the	  total	  current.	  
Looking	  at	  each	  component	  individually	  in	  series,	  it	  can	  be	  seen	  that	  when	  a	  current	  
passes	  through	  a	  resistor	  there	  is	  no	  observable	  phase	  change.	  However,	  for	  a	  capacitor,	  
C Vin 
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a	  phase	  shift	  of	  π/2	  can	  be	  observed.	  The	  phasor	  diagram	  of	  capacitors	  and	  resistors	  in	  a	  
series	  circuit	  is	  shown	  below.	  
	  
Figure	  2.2	  Phase	  diagram	  demonstrating	  the	  real	  and	  imaginary	  components	  that	  make	  up	  the	  
impedance	  of	  a	  system.	  
	  
Adding	  these	  phasors	  effectively	  solves	  the	  sides	  of	  the	  triangle	  in	  Figure	  2.2B.	  	  
This	  gives	  us	  the	  phase	  shift,	  𝜙,	  in	  the	  form	  of	  the	  equation,	  
	   𝑡𝑎𝑛𝜙 = ! !!"! 	   (2.10)	  
And	  the	  total	  impedance	  
	   𝑍 = 𝑅! + − !!" ! = (𝑍!! + 𝑍! !	  	   (2.11)	  
	  
Where	  Zx	  is	  the	  real	  component	  of	  the	  current	  and	  Zy	  is	  the	  imaginary	  component.	  
	  
These	  impedance	  values	  can	  then	  be	  applied	  to	  our	  circuit	  model,	  Figure	  2.1,	  which	  is	  in	  
parallel.	  The	  total	  impedance	  in	  parallel	  circuit	  can	  be	  found	  by	  adding	  the	  inverse	  of	  
each	  component,	  
Zy	  =R	  
Z	   𝜙	   𝑍! = 1𝜔𝑐	  
Zy	  =R	  
(A)	   (B)	  
𝑍! = 1𝜔𝑐	  
	   18	  
	   !!! + !!! = !!	  	   (2.12)	  
	  
When	  substituting	  resistance	  and	  capacitance	  back	  in	  we	  get,	  
	   !! + 𝑖𝜔𝐶 = !!!!!!! = !!	   (2.13)	  
Resistance	  is	  the	  real	  portion	  of	  the	  right	  side	  of	  equation	  2.13	  which	  comes	  out	  to	  be,	  	  
	   𝑅 = !!!!!!!!!     	   (2.14)	  
Capacitance	  is	  the	  imaginary	  portion	  of	  the	  right	  side	  Equation	  2.13	  which	  comes	  out	  to	  
be,	   	  
	   𝐶 = !! !!!!!!!!!	   (2.15)	  
From	  equations	  2.14	  and	  2.15	  the	  effective	  resistance	  and	  capacitance	  in	  the	  top	  gated	  
device	  can	  be	  solved	  for	  by	  looking	  at	  the	  current.	  These	  values	  could	  be	  compared	  to	  
Resistance	  and	  Capacitance	  values	  found	  by	  Equations	  2.6	  and	  2.9.	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2.5 	  Noise	  
	  
Noise	  is	  the	  irregular	  fluctuation	  in	  an	  electrical	  signal	  that	  obscures	  the	  desired	  signal.	  
To	  increase	  the	  sensitivity	  of	  our	  device	  we	  investigated	  ways	  to	  reduce	  noise.	  There	  are	  
three	  common	  types	  of	  noise	  that	  occur	  in	  our	  signal:	  white,	  electrical,	  and	  1/f	  noise.	  
White	  noise	  is	  caused	  by	  thermal	  activation	  and	  is	  constant	  in	  the	  signal.	  It	  is	  
represented	  by	  the	  following,	  
	   𝑆𝑣 = 4𝑘𝑇𝑅	  	   (2.16)	  
Where	  Sv	  is	  noise,	  k	  is	  Boltzmann's	  constant,	  T	  is	  temperature,	  and	  R	  is	  resistance.	  
	  
Electrical	  noise	  is	  caused	  by	  power	  lines	  and	  is	  frequency	  dependent,	  appearing	  as	  
spikes	  at	  60Hz	  and	  120	  Hz.	  As	  hinted	  in	  its	  name,	  1/f	  noise	  is	  also	  frequency	  dependent.	  
This	  noise	  is	  thermally	  activated	  like	  white	  noise,	  but	  the	  added	  frequency	  dependence	  
requires	  deeper	  investigation[10].	  This	  1/f	  noise	  is	  	  caused	  by	  defects	  in	  the	  substrate	  
leading	  to	  random	  charge	  traps	  that	  clutter	  the	  signal.	  [10]	  
	  
Previous	  studies	  have	  sought	  to	  better	  understand	  1/f	  noise	  through	  the	  use	  of	  a	  
simpler	  system:	  a	  liquid	  separating	  two	  metal	  probes.	  A	  study	  by	  Gesteland,	  et	  al.	  [11],	  
investigated	  the	  cause	  of	  noise	  in	  a	  metal	  electrolyte	  metal	  system.	  He	  looked	  at	  the	  
noise	  caused	  by	  an	  electron	  jumping	  from	  the	  metal	  probe	  to	  the	  liquid	  by	  going	  trough	  
a	  redox	  reaction.	  	  In	  his	  paper	  he	  states	  the	  current	  is	  limited	  by	  this	  interaction	  and	  that	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as	  the	  reaction	  rate	  of	  the	  electrochemical	  reaction	  changes	  with	  frequency	  so	  will	  the	  
impedance	  of	  the	  system.	  [11]	  After	  graphing	  the	  resistance	  noise	  over	  the	  frequency	  
Gesteland	  looked	  at	  how	  the	  real	  impedance	  compares	  to	  this	  resistance	  model.	  It	  was	  
found	  that,	  when	  plotted	  with	  respect	  to	  frequency,	  the	  real	  impedance	  matched	  the	  
resistance	  linked	  to	  electrons	  undergoing	  redox	  reaction.	  From	  this	  information,	  we	  can	  
assume	  that	  the	  real	  impedance	  is	  related	  to	  the	  resistance	  in	  our	  model	  and	  can	  
replace	  resistance	  in	  equation	  2.16.	  
	  
	   𝑆𝑣 = 4𝑘𝑇𝑍!	  	   (2.17)	  
From	  equation	  2.17	  we	  can	  expect	  a	  smaller	  Zx	  to	  correspond	  to	  less	  noise.	  Additionally,	  
by	  equation	  2.14,	  resistance,	  R,	  would	  increase	  alongside	  	  Zx.	  One-­‐way	  to	  accomplish	  this	  
is	  by	  applying	  a	  buffer	  layer	  over	  the	  graphene	  that	  in	  order	  to	  increase	  the	  resistance.	  
Yttrium	  Oxide	  (Y3O2)	  has	  the	  potential	  to	  be	  an	  effective	  buffer	  due	  to	  its	  high	  dielectric	  
constant	  ranging	  from	  14-­‐18,[12]	  and	  its	  easy	  ability	  to	  form	  without	  the	  presence	  
dangling	  bonds.	  Dangling	  bonds	  provide	  more	  scattering	  sites	  and	  thus	  increase	  noise.	  
Its	  high	  dielectric	  constant	  allows	  a	  very	  thin	  layer	  to	  be	  applied	  to	  the	  graphene	  
surface.	  However,	  adding	  this	  thin	  layer	  affects	  capacitance.	  Note	  from	  equation	  2.7	  
that	  increasing	  the	  thickness,	  which	  comes	  from	  adding	  Y3O2,	  results	  in	  a	  decrease	  in	  
intentional	  capacitance.	  Thus,	  the	  total	  capacitance	  will	  also	  be	  altered	  by	  the	  addition	  
of	  this	  Y3O2	  component,	  changing	  equation	  2.9,	  
	   	   !!! = !! + !!! + !!!!!!	  	   (2.18)	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From	  this,	  we	  can	  see	  that	  adding	  the	  CY3O2	  would	  lead	  to	  an	  overall	  decrease	  in	  the	  total	  
capacitance.	  	  
	  
Temperature	  and	  Sensitivity	  	  
	  
2.6 Thermal	  effects	  on	  mobility:	  
	  
Studies	  have	  found	  that	  at	  temperatures	  above	  room	  temperature	  (300K-­‐500k)	  mobility	  
decreased	  with	  the	  increase	  in	  temperature,	  however,	  charge	  density	  was	  seen	  to	  
increase	  for	  back	  gated	  devices.[8]	  In	  other	  words,	  at	  an	  arbitrary	  gate	  voltage,	  we	  will	  
still	  see	  a	  drop	  in	  mobility.	  	  
	  
This	  relationship	  between	  the	  charge	  carriers	  and	  the	  gate	  voltage	  is	  shown	  by,	  
	   𝑛 = 𝑝 − 𝑛 = !! !!!!!! 	  	   (2.19)	  
	  
Mobility’s	  dependence	  on	  temperature	  and	  on	  charge	  carrier	  density	  because	  of	  this	  we	  
know	  the	  dominant	  scattering	  mechanism	  in	  our	  system	  is	  caused	  by	  phonon	  scattering.	  
The	  relationship	  between	  mobility,	  number	  of	  charge	  carriers	  and	  temperature	  is	  as	  
follows,	  
	  
	   𝜇 𝑛,𝑇 = !!!! !!!"# ! ∗ !!! !!!"#!! !  	  	   (2.20)	  
Where	  μo	  is	  4650cm2/vs,	  nref	  is	  1.1X1013cm-­‐3	  Tref	  is	  300K	  and	  α	  is	  2.2	  and	  β	  is	  3	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Another	  paper	  looked	  at	  the	  temperature	  range	  300K	  to	  380K.	  It	  was	  shown	  that	  
increasing	  temperature	  or	  gate	  voltage	  would	  result	  in	  the	  Dirac	  point	  to	  shifting	  to	  
more	  negative	  voltages	  closer	  to	  zero.	  It	  was	  said	  that	  the	  Dirac	  point	  is	  linearly	  
dependent	  on	  temperature.[9]	  Current	  is	  related	  to	  the	  temperature	  by	  an	  increasing	  
monatomic	  relationship,	  meaning	  they	  will	  increase	  or	  decrease	  together.	  Thermally	  
activated	  charge	  carriers	  that	  exist	  at	  low-­‐density	  regions	  in	  the	  graphene	  could	  be	  a	  
cause	  for	  this.	  In	  examining	  the	  finding	  of	  Feng	  it	  is	  seen	  that	  at	  lower	  voltage	  sweep	  
ranges,	  the	  expected	  current	  should	  be	  around	  90μA	  to	  100μA.	  At	  higher	  gate	  voltages	  
there	  is	  a	  smaller	  change	  in	  minimum	  current.	  This	  experiment	  used	  a	  back-­‐gated	  
device,	  which	  allowed	  them	  to	  use	  a	  much	  large	  voltage	  sweep	  range,	  then	  we	  can	  do	  
with	  our	  top	  gated	  devices.	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3 Experimental Methods  
	  
Two	  experiments	  were	  done	  to	  look	  at	  how	  noise	  and	  temperature	  affected	  the	  top-­‐
gated	  graphene	  device.	  	  
	  
Interpreting	  Noise	  	  
	  
First	  we	  looked	  into	  noise	  by	  examining	  impedance.	  To	  investigate	  impedance	  caused	  by	  
liquid-­‐graphene	  interface	  we	  examine	  the	  dependence	  of	  the	  real	  and	  imaginary	  
portions	  of	  the	  impedance	  with	  frequency.	  We	  collect	  data	  by	  applying	  a	  gate	  voltage	  
set	  by	  a	  lock-­‐in	  amplifier	  and	  alternating	  the	  frequency	  of	  the	  gate	  signal	  while	  
measuring	  the	  current	  going	  through	  the	  device.	  The	  operational	  amplifier	  then	  receives	  
the	  AC	  signal	  from	  the	  current,	  which	  can	  be	  broken	  down	  and	  used	  to	  calculate	  real	  
and	  imaginary	  impedance.	  
	  
3.1 Setting	  up	  the	  probe	  station	  
	  
A	  small	  drop	  of	  the	  aqueous	  solution	  is	  placed	  over	  the	  graphene,	  covering	  it	  
completely.	  It	  is	  important	  that	  the	  liquid	  is	  checked	  periodically	  so	  it	  does	  not	  
evaporate,	  leaving	  a	  salt	  residue	  on	  the	  device.	  Two	  different	  measurements	  are	  
needed.	  One	  measurement	  yields	  a	  graph	  of	  conductance	  versus	  gate	  voltage,	  which	  
makes	  up	  the	  graph	  in	  Figure	  1.3.	  The	  other	  measurements	  allows	  us	  to	  collect	  data	  on	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current	  traveling	  through	  the	  liquid	  down	  through	  the	  graphene	  allowing	  us	  to	  look	  at	  
the	  frequency	  dependence	  of	  the	  impedance	  the	  metal	  to	  liquid	  interface.	  The	  two	  
different	  setups	  are	  seen	  in	  the	  following	  circuit	  diagrams,	  
	  
	  
	  
	  
	  
Figure	  3.1	  Setup	  one,	  circuits	  used	  to	  take	  measurements	  the	  current	  as	  it	  changes	  across	  
graphene	  due	  to	  a	  changing	  gate	  voltage.	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Figure	  3..2	  Set	  up	  two,	  the	  circuit	  used	  to	  measure	  the	  current	  as	  it	  goes	  through	  the	  liquid	  
graphene	  interface.	  	  	  
	  
The	  first	  set	  up	  applies	  a	  DC	  gate	  voltage	  to	  the	  aqueous	  solution	  on	  top	  of	  the	  device	  
and	  measure	  the	  current	  as	  it	  changes	  across	  the	  graphene.	  
For	  the	  second	  set	  up	  a	  metal	  probe	  is	  placed	  in	  the	  liquid;	  this	  is	  where	  the	  gate	  voltage	  
is	  applied.	  A	  DC	  voltage	  is	  added	  to	  a	  small	  AC	  voltage	  to	  give	  the	  total	  liquid	  gate	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voltage.	  This	  total	  liquid	  gate	  voltage	  is	  applied	  to	  the	  probe	  in	  the	  aqueous	  solution.	  
After	  the	  gate	  voltage	  probe	  is	  securely	  in	  place,	  two	  additional	  probes	  are	  placed	  on	  
the	  metal	  contact	  pads.	  The	  source	  probe	  is	  connected	  to	  a	  pre-­‐	  amplifier	  with	  a	  25mV-­‐
offset	  voltage	  and	  the	  drain	  probe	  collects	  the	  AC	  portion	  of	  the	  current.	  The	  measured	  
current	  is	  sent	  to	  a	  lock-­‐in	  amplifier,	  which	  gets	  rid	  of	  the	  gate	  voltage	  and	  separates	  the	  
real	  and	  imaginary	  portions	  of	  the	  current,	  Ix	  and	  IY.	  
	  
3.2 Lock-­‐in	  Amplifier	  
	  
	  
A	  lock-­‐in	  amplifier	  is	  used	  to	  measure	  AC	  signals.	  It	  measures	  the	  signals	  using	  a	  
technique	  called	  phase-­‐sensitivity	  detection,	  which	  singles	  out	  the	  real	  and	  imaginary	  
components	  of	  a	  frequency	  [6].	  The	  lock-­‐in	  takes	  a	  signal	  and	  multiplies	  it	  to	  a	  reference	  
wave,	  	   𝐴𝑐𝑜𝑠 𝜔𝑡 + 𝜙!"# ∗ 𝐵𝑐𝑜𝑠 𝜔𝑡 + 𝜙!"# 	  
Which	  is,	   12𝐴𝐵  cos  (𝜙!"# − 𝜙!"#)	  
We	  end	  up	  with	  a	  sine	  wave	  with	  a	  phase	  shift.	  The	  new	  signal	  is	  set	  though	  a	  low	  pass	  
filter	  to	  get	  a	  constant	  value	  for	  the	  amplitude.	  The	  lock-­‐	  in	  will	  output	  the	  real	  and	  
imaginary	  part	  of	  the	  current	  wave	  found	  by	  adding	  the	  two	  cosine	  functions	  together.	  
Knowing	  that	  impedance	  is,	  
𝑍 = 𝑉𝐼 	  
(3.1)	  
(3.3)	  
(3.2)	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We	  can	  substitute	  in	  the	  gate	  voltage	  of	  V	  and	  the	  real	  and	  imaginary	  portions	  of	  the	  
current	  to	  get,	  
𝑍 = 𝑉𝐼! − 𝑖𝑉𝐼!𝐼!! + 𝐼!!	  
	  
	  
3.3 Data	  Collection	  
	  
To	  collect	  data	  two	  separate	  programs	  are	  needed.	  The	  first	  is	  used	  to	  sweep	  a	  range	  of	  
voltages	  over	  the	  device	  and	  record	  the	  corresponding	  current.	  From	  the	  resulting	  
curve,	  we	  are	  able	  to	  calculate	  mobility	  on	  the	  device.	  Sweeping	  is	  used	  to	  test	  and	  see	  
what	  gate	  voltages	  will	  provide	  good	  readings	  with	  little	  current	  drift.	  The	  selected	  
voltages	  will	  be	  used	  as	  guides	  for	  setting	  the	  gate	  voltage	  when	  sweeping	  frequencies	  
in	  the	  next	  program.	  The	  second	  program	  manually	  sets	  the	  DC	  gate	  voltage	  and	  sweeps	  
a	  range	  of	  frequencies,	  recording	  the	  real	  and	  imaginary	  parts	  of	  the	  resultant	  current	  as	  
read	  by	  the	  operational	  amplifier.	  	  
	  
Temperature	  and	  Sensitivity	  	  
3.4 Alterations	  to	  the	  Probe	  Station	  
	  
	  	  
The	  set	  up	  of	  a	  heating	  system	  used	  to	  raise	  the	  temperature	  of	  the	  graphene	  device	  is	  
described	  in	  this	  section.	  The	  circuit	  for	  the	  system	  can	  be	  seen	  in	  Figure	  3.1	  with	  some	  
slight	  alterations	  made	  from	  the	  basic	  set	  up	  to	  incorporate	  the	  temperature	  specific	  
(3.4)	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components.	  The	  modified	  temperature	  probe	  setup	  can	  be	  seen	  in	  Figure	  3.3.	  To	  heat	  
up	  the	  graphene,	  a	  copper	  tube	  with	  an	  outer	  diameter	  of	  0.5in	  is	  placed	  around	  the	  
device.	  To	  help	  prevent	  scratching	  and	  to	  create	  a	  watertight	  seal	  an	  O-­‐ring	  is	  epoxied	  to	  
the	  base	  of	  the	  copper	  tube.	  The	  epoxy	  must	  be	  able	  to	  withstand	  high	  temperatures,	  
up	  to	  100C,	  and	  be	  waterproof	  or	  the	  seal	  will	  break.	  Once	  the	  tube	  is	  in	  place	  over	  the	  
graphene	  a	  clamp	  is	  used	  to	  press	  the	  tube	  into	  the	  substrate	  to	  create	  the	  watertight	  
seal	  between	  the	  O-­‐ring	  and	  the	  chip.	  A	  salt-­‐water	  solution	  20mM	  KH2PO4	  with	  a	  PH	  of	  
7.0	  fills	  the	  copper	  tube.	  A	  thermistor	  is	  placed	  far	  enough	  into	  the	  tube	  so	  the	  resistor	  
is	  submerged	  in	  the	  salt	  water.	  	  	  
	  	  
The	  copper	  tube	  should	  be	  placed	  on	  and	  secured	  over	  the	  graphene	  first.	  After	  that,	  
the	  metal	  probes	  can	  be	  gently	  lowered	  on	  the	  pads.	  If	  done	  before	  there	  is	  a	  risk	  of	  
bumping	  that	  could	  cause	  scratching.	  	  The	  next	  step	  is	  to	  check	  the	  wiring,	  the	  copper	  
tube	  should	  be	  connected	  to	  the	  voltage	  source	  supplied	  produced	  by	  the	  lock	  in	  
amplifier	  and	  the	  probes	  should	  be	  connected	  to	  the	  preamplifier.	  The	  offset	  on	  of	  the	  
preamplifier	  should	  be	  25mV.	  	  The	  thermistor	  should	  be	  connected	  to	  a	  multimeter	  set	  
to	  read	  resistance.	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Figure	  3.3	  Schematic	  of	  the	  copper	  tube	  placed	  onto	  the	  chip.	  The	  copper	  tube	  is	  placed	  over	  
the	  graphene	  device	  and	  heated	  .The	  green	  wire	  will	  provide	  the	  gate	  voltage.	  
	  
	  
3.5 Data	  Collection	  
	  
After	  setting	  up	  the	  copper	  tube	  and	  probes	  the	  heating	  process	  can	  start.	  A	  soldering	  
iron	  is	  used	  to	  heat	  the	  copper	  tube.	  It	  is	  important	  to	  be	  careful	  with	  the	  placement	  of	  
the	  iron,	  it	  must	  not	  bump	  the	  probe	  or	  be	  directly	  next	  to	  the	  thermistor	  or	  the	  
temperature	  measurement	  will	  be	  inaccurate.	  Once	  heated,	  no	  more	  than	  100°C,	  data	  
can	  start	  being	  collected.	  	  The	  thermistor	  is	  connected	  to	  a	  digital	  multimeter	  capable	  of	  
measuring	  its	  resistance.	  	  The	  output	  of	  the	  multimeter	  is	  sent	  to	  LabView	  to	  be	  
converted	  into	  a	  temperature	  measurement	  will	  read	  off	  a	  resistance	  that	  changes	  with	  
temperature	  thus	  giving	  an	  accurate	  way	  of	  determining	  the	  temperature	  of	  the	  water.	  
A	  program	  similar	  to	  that	  used	  to	  sweep	  frequencies	  records	  the	  current	  at	  that	  gate	  
voltage	  over	  time	  along	  with	  the	  temperature	  reading	  from	  the	  thermistor	  over	  time.	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4 Data and Analysis 
	  
	  
Interpreting	  Noise	  
	  
4.1 Before	  Buffer	  
	  
Data	  was	  taken	  for	  multiple	  devices	  before	  and	  after	  applying	  the	  yttrium	  oxide,	  which	  
was	  used	  to	  see	  if	  we	  could	  reduce	  the	  resistance	  causing	  noise	  in	  the	  liquid	  to	  graphene	  
interface.	  	  	  
	  
For	  one	  device	  we	  look	  at	  the	  basic	  current	  versus	  gate	  voltage	  graph	  and	  the	  
impendence	  versus	  frequency	  graph	  before	  adding	  yttrium	  oxide	  in	  order	  to	  establish	  
our	  baseline.	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Figure	  4.1	  Current	  vs	  Vg	  curve	  of	  the	  graphene	  device.	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Figure	  4.2	  Frequency	  vs	  Z	  for	  the	  real	  and	  imaginary	  impedances.	  The	  real	  impendence	  (black)	  
represents	  our	  noise	  and	  is	  the	  resistor	  in	  our	  model.	  The	  imaginary	  impedance	  (red)	  is	  
representative	  of	  the	  capacitance	  of	  our	  system.	  	  
	  
Form	  Figure	  4.1	  we	  see	  that	  slope	  of	  the	  cure	  is	  fairly	  symmetric	  with	  a	  Dirac	  point	  at	  around	  0V.	  
Figure	  4.2	  shows	  the	  real	  and	  imaginary	  impedance	  for	  a	  set	  gate	  voltage,	  the	  slopes	  are	  close	  to	  
one	  for	  both,	  but	  real	  impedance	  is	  lower	  down	  on	  the	  graph	  then	  imaginary	  impedance.	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4.2 After	  Buffer	  Application	  
	  
After	  applying	  yttrium	  oxides	  we	  saw	  some	  changes.	  Figure	  4.3	  shows	  the	  current	  verse	  
gate	  voltage	  again,	  
	  
	  
	  
Figure	  4.3	  I	  vs	  Vg	  curve	  after	  yttrium	  oxide	  was	  applied.	  The	  slope	  decreased	  from	  the	  original	  
device.	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Some	  interesting	  changes	  can	  be	  seen	  in	  this	  graph.	  Note	  the	  addition	  of	  an	  extra	  hump	  
in	  the	  curve	  and	  the	  slope	  has	  changed	  to	  be	  less	  steep	  hinting	  at	  a	  lower	  mobility.	  
Observe	  that	  the	  curve	  seemed	  to	  shift	  down,	  a	  sign	  that	  the	  total	  resistance	  has	  
increased	  within	  the	  graphene	  itself.	  	  
	  
In	  looking	  at	  the	  changes	  in	  impedance	  after	  the	  application	  of	  yttrium	  we	  see	  some	  
unexpected	  results.	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Figure	  4.4	  F	  vs	  Z	  for	  the	  real	  and	  imaginary	  impedances.	  Relating	  the	  impedances	  before	  yttrium	  
oxide	  at	  -­‐250mV	  and	  after	  at	  -­‐200mV.	  The	  new	  real	  impendence	  (green)	  lies	  almost	  on	  top	  of	  
the	  old	  (black)	  
	  
It	  is	  important	  to	  note	  that	  the	  imaginary	  impendence,	  Zy	  has	  not	  changed	  much;	  there	  
is	  only	  a	  slight	  increase.	  The	  real	  impedance	  does	  not	  act	  as	  expected.	  From	  2.17,	  we	  
expect	  to	  see	  a	  decrease	  in	  Zx	  after	  applying	  the	  yttrium	  oxide	  that	  would	  tell	  use	  that	  
the	  noise	  had	  decreased,	  however,	  we	  see	  an	  increase	  in	  impedance	  up	  until	  around	  
200	  HZ.	  	  	  
	  
To	  better	  interpret	  what	  is	  happening	  in	  our	  system	  we	  used	  equations	  2.14	  and	  2.15	  to	  
calculate	  the	  resistance	  and	  capacitance.	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Figure	  4.5	  Graph	  of	  Resistance	  before	  (black)	  and	  after	  (green)	  yttrium	  oxide	  was	  applied.	  
	  
The	  resistance	  after	  the	  yttrium	  was	  applied	  seems	  to	  have	  decreased	  slightly	  until	  
around	  200Hz	  and	  then	  increased.	  Ideally	  we	  would	  have	  seen	  a	  more	  dramatic	  change	  
after	  application	  as	  well.	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Figure	  4.6	  Graph	  of	  Capacitance	  before	  (Red)	  and	  after	  (pink)	  yttrium	  oxide	  was	  applied.	  
Showing	  a	  drop	  in	  capacitance	  after	  the	  application	  of	  yttrium.	  
	  
The	  capacitance	  did	  act	  as	  expected	  decreasing	  after	  the	  addition	  of	  the	  yttrium	  oxide.	  
Although	  our	  data	  doses	  not	  show	  that	  we	  were	  able	  to	  reduce	  noise	  by	  adding	  a	  buffer	  
layer	  we	  did	  see	  that	  the	  addition	  of	  the	  buffer	  only	  changed	  the	  capacitance	  slightly	  
meaning	  this	  if	  we	  saw	  better	  resistance	  changes	  we	  would	  not	  be	  effecting	  the	  overall	  
sensitivity	  of	  the	  device	  that	  much.	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Temperature	  Sensitivity	  	  
	  
4.3 Current	  and	  Temperature	  Relationship	  	  
	  
	  
We	  saw	  little	  change	  in	  current	  as	  it	  relates	  to	  temperature.	  The	  range	  of	  temperatures	  
examined	  was	  not	  as	  large	  as	  we	  had	  initially	  desired	  due	  to	  design	  flaws	  in	  the	  
experiment	  and	  this	  could	  have	  been	  why	  we	  did	  not	  see	  change.	  Figure	  4.7	  
demonstrates	  the	  lack	  of	  change	  in	  current	  as	  the	  liquid	  cooled	  down.	  	  
	  
	  
Figure	  4.7	  This	  graph	  shows	  the	  change	  in	  current	  and	  temperature	  over	  time.	  The	  gate	  voltage	  
for	  this	  data	  run	  was	  at	  -­‐.3V.	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We	  would	  expect	  to	  see	  some	  change	  in	  the	  slope	  of	  the	  current	  as	  temperature	  
changes,	  but	  we	  see	  a	  fairly	  steady	  average	  current.	  There	  is	  a	  lot	  of	  noise	  in	  our	  signal,	  
which	  is	  expected	  at	  higher	  temperatures.	  	  In	  comparing	  different	  trials	  we	  still	  see	  a	  
constant	  current.	  	  
	  
	  
	  
Figure	  4.8	  Graphs	  of	  several	  different	  tiles	  set	  at	  .	  -­‐.3V	  showing	  how	  current	  changes	  over	  
temperature	  while	  the	  device	  is	  allowed	  to	  cool	  down.	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Although	  many	  trials	  were	  preformed	  we	  were	  not	  able	  to	  see	  notable	  change	  in	  our	  
current	  as	  temperature	  changed.	  	  We	  had	  hoped	  that	  as	  temperature	  increased	  current	  
would	  decrease,	  thus	  mobility	  would	  be	  decreasing.	  A	  wider	  data	  sample	  could	  have	  
allowed	  us	  to	  see	  if	  there	  was	  a	  spot	  where	  we	  did	  see	  better	  results.	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5 Conclusion  
	  
By	  adding	  yttrium	  oxide	  over	  the	  graphene	  we	  hoped	  that	  it	  acts	  as	  a	  buffer	  some	  of	  the	  
resistance	  leaking	  in	  our	  circuit.	  We	  did	  not	  see	  any	  change	  in	  the	  real	  impedance,	  
unfortunately.	  There	  were	  some	  interesting	  things	  that	  happened	  that	  we	  could	  
speculate	  on.	  From	  the	  current	  vs.	  gate	  voltage	  curve,	  we	  did	  see	  an	  increase	  in	  
resistance	  and	  a	  double	  hump.	  That	  double	  hump	  could	  have	  been	  caused	  by	  
inconsistencies	  in	  the	  application	  of	  the	  buffer.	  If	  only	  part	  of	  the	  device	  was	  covered	  
some	  parts	  of	  the	  current	  would	  flow	  as	  it	  normally	  would	  across	  the	  graphene	  while	  
other	  parts	  would	  have	  to	  go	  through	  the	  yttrium.	  This	  idea	  of	  inconsistent	  application	  
could	  also	  explain	  the	  way	  the	  real	  impedance	  had	  a	  frequency	  transition	  at	  200Hz.	  
	  
	  Another	  possibility	  that	  could	  explain	  why	  noise	  increase	  after	  the	  yttrium	  oxide	  was	  
applied	  is	  that	  the	  assumptions	  that	  we	  would	  not	  have	  dangling	  bonds	  failed	  and	  we	  
did	  have	  them,	  which	  would	  increase	  scattering	  sites.	  
Possible	  ways	  to	  more	  forward	  would	  be	  to	  look	  at	  the	  covered	  devices	  with	  an	  AFM	  or	  
TEM	  to	  study	  the	  coverage.	  We	  could	  also	  look	  into	  different	  materials	  that	  might	  work	  
better.	  	  
	  
	  In	  regards	  to	  the	  temperature,	  we	  were	  not	  able	  to	  see	  an	  effete	  on	  mobility.	  	  Through	  
the	  prose	  of	  running	  our	  experiment,	  we	  ran	  into	  many	  problems	  that	  could	  have	  
caused	  inaccurate	  results.	  The	  major	  difficulty	  we	  encountered	  was	  the	  set	  up	  of	  the	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copper	  tube.	  Because	  we	  had	  to	  use	  a	  clamp	  to	  create	  a	  seal	  with	  the	  device	  there	  was	  
an	  increase	  chance	  of	  damaging	  the	  fragile	  leads	  connecting	  the	  graphene	  to	  the	  
measuring	  pads.	  We	  did	  see	  broken	  leads	  in	  one	  of	  our	  devices	  rendering	  that	  device	  
useless.	  The	  reason	  we	  chose	  the	  set	  up	  we	  did	  was	  so	  it	  could	  be	  removed	  and	  applied	  
to	  other	  devices.	  If	  we	  had	  a	  more	  permanent	  set	  up	  we	  would	  have	  avoided	  the	  
problem	  of	  damaging	  our	  devices	  from	  pressure	  and	  scratching,	  but	  we	  would	  have	  had	  
problems	  cleaning	  the	  electrolyte	  solution	  off	  the	  device	  because	  if	  the	  solution	  
evaporates	  the	  salt	  residue	  will	  damage	  the	  device.	  If	  our	  sample	  had	  not	  broken	  we	  
might	  have	  been	  able	  to	  look	  at	  a	  wider	  temperature	  range,	  but	  from	  the	  data	  gathered	  
we	  do	  not	  see	  any	  differences.	  	  
	  
In	  summary,	  the	  two	  lines	  of	  research	  I	  investigated	  did	  not	  turn	  out	  as	  desired	  but	  did	  
lead	  to	  questions	  in	  project	  design	  that	  could	  be	  improved	  upon.	  The	  questions	  of	  noise	  
and	  temperature	  effect	  on	  a	  liquid	  gated	  device	  are	  still	  important	  to	  be	  studied,	  but	  
require	  an	  alternative	  method	  than	  the	  one	  we	  chose.	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